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The  advent  of  the  genome  facilitated  by  theadvances  in  micro-  and  nanotechnology  has  revolutionized 
our  understanding  of  living  systems.  DNA  microarrays,  catalytic  RNA  arrays,  and  protein  arrays  are  all 
a  consequence  of  innovations  in  engineering  at  the  micro-  and  nanoscales.  Here,  weextend  this  paradigm 
to  the  fabrication  of  live  mammalian  cell  arrays  that  can  be  used  to  investigate  the  state  of  the  cel  I  at  the 
level  of  an  integrated  system.  Specifically,  we  describe  an  electro-optical  system  that  utilizes  physical 
properties  of  mammalian  cells  (charge,  dielectric  permittivity)  rather  than  receptor-mediated  adhesion  to 
rapidly  pattern  and  manipulate  cel  Is  in  a  microarray  format.  The  platform  we  describe  is  an  electro-optical 
method  that  employs  two  complementary  methods  of  cell  manipulation:  (1)  electrophoretic  arraying  of 
cells  in  a  dc  field  due  to  their  intrinsic  negative  surface  charge  and  (2)  remote  optical  manipulation  of 
individual  cells  by  vertical -cavity  surface  emitting  laser  driven  infrared  optical  tweezers.  The  platform  is 
optically  transparent  and  thus  enables  monitoring  of  fluorescent  reporters  of  cel  I  ular  events  (e.g.,  expression 
of  green  fluorescent  protein)  and  allows  remote  optical  manipulation  of  arrayed  cel  Is  without  risk  of  breaching 
theasepticenvironment.  I  n  addition  totheexperi  mental  manipulati  on  of  mammalian  cel  Is,  we  also  present 
a  theoretical  framework  to  establish  the  limitations  of  the  platform  we  describe.  The  ability  to  probe 
dynamic  cellular  events  in  parallel  may  offer  insights  into  unforeseen  biological  mechanisms  of  cellular 
function  and  find  applications  in  drug  discovery,  functional  genomics,  and  tissue  engineering. 


Introduction 

Live  cellular  arrays  hold  promise  as  platforms  for 
pharmaceutical  drug  development  and  as  fundamental 
tools  to  study  cell  fate  and  function.1’2  To  make  progress 
toward  high-throughput  cell-based  assays,  it  may  be 
beneficial  to  leverage  existing  MEMS  (microelectrome¬ 
chanical  systems)  technologies  as  has  been  done  in  other 
chip-based  biosystems  such  as  DNA  microarrays,3'5 
catalytic RN  A  arrays, 6 and  protein  arrays.7 8 9'10 Such  novel, 
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hybrid  cell-based  platforms  should  meet  several  design 
criteria:  innocuous  manipulation  of  livecells,  phenotypic 
stability  of  differentiated  cells,  and  remote  detection  of 
biological  events.  We  and  others  have  reported  on  ways 
to  stabilize  the  phenotype  of  mammalian  cel  Is  and  detect 
cellular  events;1’11'13  however,  in  this  study  we  focus  on 
the  manipulation  of  livecells. 

Biophysical  "handles"  to  manipulate  cells  can  be  clas¬ 
sified  as  passive  or  active.  Passive  handles  include  surface 
topology  and  chemistry.  Thesimplest  example  of  surface 
topology  to  array  cells  is  the  use  of  physical  confinement 
in  multiwell  plates.  Ninety-six-  and  384-well  plates  are 
a va i  I  a bl  e to  i  nterface  wi  th  sta n da rd i  zed  detect i  on  systems; 
however,  this  technique  can  require  large  volumes  of 
reagents  and  often  utilizes  sophisticated  robotics.  In 
addition  to  robotics,  fluorescence-activated  cel  I  cytometry 
can  be  used  to  del  i  ver  cel  I  s  to  each  wel  I ,  a  I  though  th  i  s  ca  n 
expose  cells  to  potentially  hostile  handling  forces.  Mul¬ 
ti  wel  I  systems  a  1 1  ow  d  i  st  i  net  f  I  u  i  d  i  c  en  vi  ron  ments  to  exi  st 
i  n  each  wel  I;  however,  this  is  not  always  requi  red  or  even 
desired.  In  contrast,  surface  chemistry  can  be  utilized  to 
form  planar  cellular  arrays,  where  all  cells  are  exposed 
to  the  same  fluidic  environment.  Surface  chemistry 
combined  with  microfabrication-based  technologies  such 
as  photolithography,11’14  microcontact  printing,15'18  mi- 
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crof I  ui di cdel  i  very, 19-21  and  stenci  1 22'23  pattern i  ng  has  been 
reported  for  fabricating  such  planar  cellular  arrays.  In 
general,  these  techniques  utilize  chemical  patterns  for 
cell  adhesion  (e.g.,  cel  I  adhesion  proteins)  and/or  adhesion 
repellants  (e.g.,  poly(ethyleneoxide))  on  the  substrate  of 
choice.16’24  These  tools  have  proven  to  be  robust  and 
versatile;  however,  cell  adhesion  is  a  time-dependent 
process  that  can  require  hours  to  create  an  array  and 
such  tech n  i  ques  ty pi  ca 1 1  y  resu  1 1  i  n  rel  at i  vel  y  poor  "ca ptu  re" 
efficiency(i.e.,  patterned  cel  Is  as  a  fraction  of  cel  Is  plated). 
Toimprovecaptureefficiency  and  reduce patterningtimes, 
active  methods  to  manipulate  cells  may  offer  some 
advantages. 

"Active"  methods  for  cell  manipulation  use  some  form 
of  energy  to  move  cel  Is  as  physical  objects,  such  as  those 
that  are  polarizable  or  bend  light.  For  example,  dielec- 
trophoretic  patterning25-29  has  been  used  to  rapidly  (ca. 
seconds  to  minutes)  manipulate  or  sort  cells.  This  tech¬ 
nique  is  based  on  the  relative  polarization  between  a  cell 
and  the  surrounding  medium  in  a  nonuniform  electric 
field.  Dielectrophoresis  may  be  useful  as  a  tool  for  cell 
sorting  and  cell  arraying;  however,  to  achieve  arbitrary 
single  cell  manipulation,  it  can  require  sophisticated 
electrode  design  due  to  the  complex  dependence  of 
dielectrophoreticforceon  the  electric  field.  For  manipula¬ 
tion  of  single  cel  Is,  optical  "tweezers"  that  use  radiation 
pressu  re  of  a  focused  I  aser  bea  m  to  t  ra  p  spher  i  ca  I  pa  rt  i  cl  es 
have  also  been  utilized.30-35  While  optical  forces  have 
proven  to  bea  powerful  tool  for  singlecell  manipulation, 
traditional  optical  tweezer  setups  require  large  benchtop 
infrared  lasers  and  are  not  amenableto  integration  with 
a  small,  portable  chip-based  unit. 

I  nth  is  study,  wedescribean  electro-optical  method  that 
uses  two  active  methods  of  cell  manipulation:  (1)  the 
intrinsic  negative  surface  charge  of  mammalian  cells  is 
used  to  array  cells  by  electrophoresis  in  an  applied  dc 
electricfieldand(2)vertical-cavitysurfaceemittinglasers 
(VCSE  Ls)areuti  I  ized  as  a  miniaturized  source  of  infrared 
light  for  optical  tweezers  to  enable  remote  manipulation 
of  arrayed  cells.  Specifically,  we  present  the  design  and 
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Indium  Tin  Oxide 

Figure  1.  Schematicof electro-optical  setupwith  hypothetical 
integrated  fluidics.  Cells  are  electrokinetically  arrayed  by 
application  of  an  electric  field  across  the  top  (uniform)  and 
bottom  (patterned)  el  ectrode.  The  bottom  el  ectrode  i  s  fabri  cated 
as  seen  in  Figure  2.  Optically  transparent  patterned  anodes 
and  a  uniform  cathode  are  utilized  (indium-tin  oxide)  to 
facilitate  microscopic  visualization  and  allow  manipulation  of 
cells  by  off-chip  optical  tweezers  driven  by  miniature  vertical- 
cavity  surface  emitting  infrared  lasers. 

fabrication  of  an  electrophoretic  chamber  that  is  optically 
transparent  and  therefore al  lows  for  both  the  integration 
of  infrared  optical  tweezers  and  visualization  of  the 
electrophoretic  arraying  process  (Figure  1).  We  first 
demonstrate  the  ability  to  reversibly  manipulate  poly¬ 
styrene  beads  in  deionized  water  as  a  "best  case" condition 
and  then  apply  this  system  totheelectrophoreticarraying 
of  live  neural  stem  cells  in  physiological  buffers.  In 
addition,  we  employ  finite  element  modeling,  colloidal 
particle  theory,  and  measurements  of  cell  surface  charge 
to  add  insight  into  the  particle  motion  and  distribution 
that  weexperi  mental  I  y  observed.  F  inal  ly,  we  demonstrate 
that  a  VCSEL-derived  optical  tweezer  can  be  utilized  to 
remotely  manipulate  individual  cells  of  interest  within 
the  array.  This  platform  for  cellular  manipulation  may 
find  applications  in  target  validation  within  drug  devel¬ 
opment,  functional  genomics,  and  tissue  engineering. 

Experimental  Methods 

Fabrication  of  Electrode  Array.  For  experiments  with 
polystyrene  beads  (Bangs  Laboratories),  standard  photolitho- 
graphictechniques  were  used  to  pattern  a  Si  3IM  4  or  Si  O2  dielectric 
layer  on  anodic  silicon.  In  the  case  of  electrophoretic  cellular 
transport,  agarose  was  used  as  a  rel  ati  ve  di  el  ectri  c  by  patterni  ng 
on  a  transparent  indium-tin  oxide  (I TO)  electrode.  The  process 
is  schematically  depicted  in  Figure  2.  Briefly,  a  2.5%  aqueous 
agarose  sol  uti  on  (N  uSi  eve  3:1  agarose)  was  heated  to  180  °C  and 
syringe-filtered  (Millex,  0.45/(m)  before  being  spun  onto  an  ITO 
(Delta  Technologies)  substrate  at  2500  rpm  (Headway  Research 
photoresist  spinner).  Agarose  was  allowed  to  dry  overnight  at 
room  temperature  before  spinning  on  a  layer  of  photoresist 
( H  eadway  Research  photoresi  st  spi  nner,  AZ4400  posi  ti  ve  resi  st, 
4000  rpm),  which  was  subsequently  baked  at  90  °C  for  2  h. 
Following  development  (AZ  400K  developer  1:3  in  deionized 
water,  30  s),  the  specimens  were  plasma  etched  with  oxygen 
(Technic  500 1 1  Asher,  100  W)  for  60-120  min,  until  the  agarose 
I  ayer  was  compl  etely  removed  from  the  el  ectrode  surfaces,  after 
which  the  remaining  resist  was  removed  with  acetone. 

Assembly  and  Use  of  the  Electro-Optical  Chamber. The 
experimental  setup  (Figure  1)  consists  of  a  patterned  bottom 
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Figure  2.  Agarose  patterning  procedure  on  a  semiconductor 
substrate:  (1) spin  agarose,  (2) spin  photoresist,  (3)  photopattern 
resist,  (4)  develop  exposed  photoresist,  (5)  plasma  etch,  (6) 
patterned  agarose  film  on  semiconductor  substrate. 


electrode  (anode)  and  an  unpatterned  transparent  top  electrode 
(cathode).  A  flat,  1  mm  thick  piece  of  silicon  or  pol  y(di  methyl - 
siloxane)  (PDMS)  with  an  excised  hole  is  used  to  create  a  fluid 
chamber  between  the  anode  and  cathode.  A  fluid  containing  the 
objects  to  be  arrayed  can  be  injected  into  the  chamber  via  pi  pet 
or  fluidic  inlets.  Once  sealed,  a  voltage  is  applied  between  the 
anodicandcathodicpl ates.  Wi thi n  thi s system,  chemi cal  energy 
i  s  converted  i  nto  el  ectri  cal  energy  th  rough  redox  reach  ons  at  the 
electrodes,  resulting  in  the  transport  of  ions  between  the 
el  ectrodes  and  thecompletion  of  anelectrical  circuit.  I  n  solutions 
that  are  of  approximately  neutral  pH ,  such  as  those  we  use  in 
our  electrochemical  circuit,  oxidation  of  water  at  the  anode 
produces  oxygen  (O2)  and  aqueous  hydrogen  ions,  whereas  the 
reduction  of  aqueous  hydrogen  ions  at  the  cathode  generates 
molecular  hydrogen.36  Polystyrene  beads  were  suspended  at  a 
typical  concentration  of  106/mL.  Twenty  microliters  of  solution 
was  appl  i  ed  to  the  chamber,  and  an  appl  i  ed  vol  tage  of  2-3  V  was 
utilized.  For  experiments  with  mammalian  cells,  (1-5)  x  105 
cel  I  s/mL  were  prepared  i  n  K  rebs  Ri  ngers  buffer  with  thefol  I  owi  ng 
composition:  7.14  g  of  NaCI,  0.42  g  of  KCI,  0.85  g  of  D-glucose, 
2.1  g  ofNaHCOs,  and  4.75  g  of  H  E  PES  per  2  L  of  deionized  (Dl ) 
water  with  a  conductivity  of  approximately  10  mS/cm. 

VCSEL-Driven  Optical  Tweezers  Setup.  A  4x  4, 850  nm 
VCSE  L  array  was  obtained  from  Honeywell,  I  nc.  VCSE  L-derived 
i  nfrared  beams  were  col  I  i  mated  and  focused  on  the  sample  plane 
by  using  a  high-magnification  microscope  objective  (lOOx 
magnification,  1.25 numerical  aperture).  A  dichroicbeamsplitter 
under  the  microscope  objective  provided  in  situ  observation  of 
the  tweezers  through  a  CCD  camera.  Between  the  microscope 
objective  and  the  chamber,  a  drop  of  index  matching  oil  (n  = 
1.51)  was  used.  VCSELs  were  driven  with  an  applied  current  of 
14  mA  corresponding  to  approximately  3.5  mW.  Cells  were 
typically  transported  at  a  rate  of  2  /(m/s  corresponding  to  an 
approximate  trapping  force  of  0.1  pN . 

Experimental  Modeling.  Quickfield  (version  4.2,  Tera 
Analysis  Co.)  was  used  to  produce  two-dimensional  models  of 
the  electric  field  distribution.  Quickfield  solves  Poisson’s  equa¬ 
tions  for  electrostatics  and  current  flow.  Neumann  boundary 
condi  ti  ons  were  used  for  the  edges  of  the  el  ectrodes  by  assu  mi  ng 


(36)  Sato,  N,  Electrochemistry  at  mdcai  and  semi  conductor  electrodes; 
Elsevier:  New  York,  1998. 


constant  voltage.  Electrodes  were  20//m  diameter  circles.  A  2  x 
2/<m  gri  d  setti  ng  with  200  mesh  nodes  was  used  for  theanalysi  s. 
Modeling  parameters  were  as  follows:  applied  potential,  3  V; 
resistivity  (p)  of  Dl  water,  18  MQ  cm;  p  of  ITO,  10~4  Q  cm;  p  of 
Si,  10  Q  cm;  p  of  Si02,  106  Q  cm. 

Cell  Isolation.  Neural  stem  cel  Is  were  isolated  from  the  lateral 
ventrical/forebrain  of  an  adult  mouse  as  described  previously.37 
Briefly,  anesthetized  mice  were  decapitated.  Their  brains  were 
removed  and  pi  aced  i  nto  cd  d  P  B  S .  D  i  ssecti  ons  of  the  h  i  ppocampus 
and  I  ateral  ventri  cal/forebrai  n  were  conducted  under  a  mi  croscope 
and  triturated  with  a  medium  bore  (1. 5-1.0  mm)  pasteur  pi  pet. 
T  i  ssue  pi  eces  werefu  rther  di  gested  by  a  papai  n  -  protease-  D  N  ase 
digestion  for  15  min  to  produce  a  single  cell  suspension.  Cells 
were  washed  in  PBS  and  weregrown  in  DMEM:F12  with  N-2 
supplement,  containing  20  ng/mL  of  both  FGF-2  and  EGF. 
H  epatocytes  were  i  sol  ated  from  2-3  month  ol  d  adu  1 1  femal  e  L  ewi  s 
rats  (Charles  River  Laboratories,  Wilmington,  MA)  weighing 
180-200  g,  by  a  modified  procedure  of  Seglen.38  Detailed 
procedures  for  isolation  and  purification  of  hepatocytes  were 
previously  described  by  Dunn  et  al.39  Briefly,  200-300  million 
cel  I  s  were  isol  ated  with  vi  abi  I  i  ty  between  85%and  95%,  as  j  udged 
by  trypan  blue  exclusion.  Nonparenchymal  cells,  as  judged  by 
their  size  (<10/<m  in  diameter)  and  morphology  (nonpolygonal 
or  stellate),  were  less  than  1%.  The  culture  medium  was 
Dulbecco’s  modified  Eagle’s  medium  (DMEM,  Gibco)  supple¬ 
mented  with  10%  fetal  bovine  serum  (FBS;  Sigma,  St.  Louis, 
MO),  0.5  U/mL  insulin,  7  ng/mL  glucagon,  20  ng/mL  epidermal 
growth  factor,  7.5//g/mL  hydrocortisone,  200  U/mL  penicillin, 
and  200  /;g/mL  streptomycin. 

Measurement  of  Cellular  Zeta  Potential. The  potential  at 
theshear  pi  anearound  a  moving  spherical  object  in  a  electrolyte 
can  be  described  by  a  quantity  known  as  the  zeta  potential.  It 
is  primarily  the  zeta  potential  that  determines  particle  velocity 
in  el ectrokinetic  transport  phenomenon.40  Zeta  potential  mea¬ 
surements  were  performed  using  a  Pen  Kem  model  500  Laser 
Zee  potential  meter  that  measures  thezeta  potential  of  particles 
by  visualization  of  partidetrajectoriesasthey  movein  a  known 
electric  field.  The  zeta  potentials  of  various  cell  types  were 
measured  in  KRB  and  then  adjusted  for  the  viscosity  and 
dielectric  properties  of  KRB  as  distinct  from  deionized  water. 
Thezeta  potential  of  20 /<m  diameter  polystyrene  beads  in  Dl 
water  was  determi  ned  to  be  -80  mV .  E  ach  sampl  e  was  measured 
approximately  lOtimes,  and  several  samples  for  each  batch  were 
measured. 


Results  and  Discussion 

Electrophoretic  Manipulation  of  Polystyrene 
Beads  and  Live  Mammalian  Cells.  As  a  first  step 
toward  manipulatinglivemammaliancells,  weconducted 
our  experiments  using  polystyrene  beads  of  20  /<m 
diameter  as  "model  cel  Is.  "Using  our  experimental  setup, 
we  could  readily  array  negatively  charged  beads  sus¬ 
pended  in  deionized  water  onto  arbitrarily  defined  elec¬ 
trode  (100  urn  in  diameter)  patterns  within  1  min  of 
application  of  a  IV  bias  (Figure  3A).  If  the  electrode  size 
was  reduced  to  20,«m,  single  bead  arrays  could  also  be 
produced  (Figure3B).  Thearraying  could  be  reversed  by 
reversing  the  applied  potential  (data  not  shown). 

Followingour  studies  with  polystyrene  beads,  wesought 
to  apply  our  arraying  capabilities  to  living  mammalian 
cells.  Much  I  ike  the  polystyrene  beads,  mammalian  cells 
exhibit  a  net  negative  surface  charge  due  to  charged 
carbohydrates  and  sial  icaci  d  residues  intheglycocalyx.41 
Unlike  inanimate  beads,  however,  mammalian  cells 


(37)  Allen,  D.  M .;  van  Praag,  H Ray,  J  .;  Weaver,  Z.;  Winrow,  C.  J  .; 
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Figure  3.  E I ectrophoretic  assembly  of  polystyrene  beads  and 
neural  stem  cells.  (A)  Assembly  of  20 ,«m  polystyrene  beads  in 
dei  oni  zed  water  on  a  si  I  i  con/si  I  i  con  ni  tri  deel  ectrodearray  before 
and  after  30  s  of  an  applied  bias  of  1 V.  (B)  Single  20 /dm  bead 
assembly  in  deionized  water  on  a  25  /<m  diameter  agarose- 
patterned,  transparent  I  TO  el  ectrodearray.  T  wo  magn  ifi  cati  ons 
of  phase  contrast  micrographs  are  shown.  (C)  Live  neural 
progenitor  cells  assembled  on  a  25  diameter  agarose- 
patterned,  I  TO  el  ectrodearray  beforeand  after  an  applied  bias 
of  2  V  for  10  min. 

requireosmoticequi  librium  across  the  plasma  membrane, 
along  with  other  special  conditions,  such  as  a  physiological 
pH  and  nutrient  availability,  to  maintain  viability. 
Therefore,  we  utilized  a  physiological  buffer  of  relatively 
low  conductivity  relative  to  other  iso-osmotic  buffers 
(K  rebs  R  i  ngers  buffer,  10  mS/m)  to  mi  n  i  mi  zet  he  reduct  i  on 
in  electrophoretic  transport.  Initial  experiments  with 
human  fibrosarcoma  cells  and  primary  rat  hepatocytes 
demonstrated  a  propensity  for  nonspecific  cell  adhesion 
to  the  dielectric  region  ofthesubstrate,  which  limited  the 
eff  i  ci  ency  of  the  assembl  y  process.  T o  prevent  nonspeci  f i  c 
binding,  agarose  (~1  /<m  coating  of  a  nonadhesive  hy¬ 
drogel)  was  patterned  onto  the  nonelectrode  regions  and 
i  n  some  exper  i  ments  was  u  sed  astheinsulatingdielectric 
layer  itself. 

Once  the  suspending  medium  was  optimized  and  the 
nonadhesive  layer  was  appropriately  patterned,  we  used 
our  system  for  a  number  of  different  cell  types  and 
applications.  With  an  eye  toward  functional  genomic 
applications  in  the  future,  we  utilized  our  system  to 
produce  single  cell  arrays  of  murine  neural  progenitor 
cells  (Figure  3C).  The  fragility  of  neural  progenitor  cells 
I  i mits thei  r compati  bi I  ity  with  relatively  hosti lecel  I  sorti  ng 
procedures,  such  as  fluorescence-activated  cell  sorting 
(FACS),  and  so  provides  an  ideal  exampleof  the  potential 


advantages  of  electrophoretic  arraying.  Initially,  the 
neural  progenitor  cells  exhibited  a  random  distribution 
(Figure 3C,  left).  Following  an  applied  bias  of  2  V  for  10 
mi  n,  theprogen itor  cel  I s assembl ed  i  ntoan  organized  array 
(Figure  3C,  right). 

Biocompatibility  of  1TO.  To  ensure  that  long-term 
studies  could  indeed  beaccomplishedonan  I  TO  substrate, 
we  i  nvestigated  and  affi  rmed  the  biocompati  bi  I  ity  of  ITO 
with  neural  stem  cells.  Progenitor  cell  growth  anddivisi  on 
were  followed  for  10  days  after  seeding  on  an  ITO 
substrate.  Cel  I  growth,  viabi  I  ity,  morphol  ogy,  and  di  vi  si  on 
were  indistinguishable  from  those  of  cells  cultured  on 
polystyrene  dishes  for  up  to  10  days  (data  not  shown). 

Biocompati  bility  of  dc  Electric  Fields.  We  initially 
verified  the  biocompatibility  of  small  dc  el  ectricfi  elds  with 
cell  viability  by  examining  the  effect  of  various  field 
strengths  on  fibroblast  morphology  and  mitotic  index. 
Cellular  response  was  assessed  by  replating  3T3  fibro¬ 
blasts  after  exposure  to  a  0-20  V  (0-200  V/cm)  electric 
fieldfor  1  min.  Cells  wereexamined  under  phasecontrast 
microscopy  and  compared  with  unexposedcellsfor  normal 
morphology  and  proliferation  rate.  At  low  voltages  (1-4 
V),  no  morphologic  changes  were  observed  (e.g.,  cell  lysis, 
blebbing).  Between  5  and  10  V  of  applied  bias,  filopodia- 
I  i  ke  extensi  ons  were  observed .  S  uch  el  ect  r  i  c-f  i  el  d-i  nduced 
filopodial  formation  has  been  previously  reported  in 
neurons  and  macrophages  at  similar  el ectric field  intensi¬ 
ties.42  At  an  applied  bias  of  20  V,  thecel  Is  lysed,  presumably 
duetodestabilization  of  the  plasma  membrane(data  not 
shown). 

The  platform  described  here  bears  some  similarity  to 
other  platforms  described  in  theliterature.3'43TheNano- 
gen  system  al so uti  I  i zes  an  el ectroni c addressi  ng  pi atform 
to  manipulate  DNA  and  living  cells.  In  the  current 
incarnation,  the  device  is  a  planar  array  of  individually 
addressable  electrodes  overcoated  with  a  thin  hydrogel 
rather  than  an  enclosed  chamber  with  a  top  counter 
electrodeas  wedescri  be.  Whi  letheN  anogen  system  offers 
the  advantage  of  individual  electrode  addressability,  the 
bottom  electrode  is  opaque  and  therefore  requi  res  reflec¬ 
tive  microscopy  or  laser  scanning  for  visualization. 
Furthermore,  while  the  device  runs  in  dc  mode  (as  ours 
does)  for  the  manipulation  of  DNA  species,  published 
reports  of  cel  I  u  I  a  r  ma  n  i  pu  I  at  i  on  i  n  t  h  i  s  p I  atf or  m  h  a  ve  been 
limitedtodielectrophoretic(ac)manipulation.44Aksayand 
co-workers43  have  also  recently  reported  on  the  use  of 
el ectroki neticforces to manipulate2/<m colloidal  particles. 
Their  platform  utilizes  an  unpatterned,  transparent  ITO 
substrate  in  combi  nation  with  regional  photoillumination 
through  a  mask  to  induce  regional  current  flow.  Colloidal 
parti  cl  es  i  n  sol  uti  on  werefou  nd  to  aggregate  i  n  crystal  I  i  ne 
arrays  i  n  the  pi ane  of  the  I  TO  el ectrode.  This  system  was 
operated  in  nonconductive  solution  that  is  appropriate 
for  inanimate  particles;  however,  the  pi  atform  presented 
in  our  study  utilizes  physiological  buffers  to  preserve 
cellular  osmotic  equilibrium  and  does  not  require  pho¬ 
toillumination  to  induce  particle  movement. 

In  summary,  theel  ectrophoretic  pi  atform  described  here 
facilitates  rapid(ca.  minutes)  arraying  of  both  polystyrene 
beads  and  living  mammalian  cells  without  obvious  nega- 
tivesequelaeovertherangeof  conditions  that  weretested. 
Thistool  may  therefore  provide  a  relatively  rapidtool  for 
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arraying  cells  to  facilitate  parallel  monitoring  for  cell- 
based  assays.  The  process  is  reversible  over  short  time 
frames (ca.  minutes) and  does  not  requiretheuseof  specific 
cell  adhesion  molecules.  Furthermore,  the  transparent 
platform  enables  observation  of  dynamic  changes  in 
f  I  uorescen  ceonstandardmi  croscop  i  c  pi  atf  or  ms  a  nd  cou  I  d 
therefore  be  appl  i  ed  to  rea  I  -t  i  me  assays  of  gene  expressi  on 
using  fluorescent  reporters  (e.g.,  green  fluorescent  pro¬ 
tein).  Theabi  I  ity  to  monitor  multiplecellsin  parallel,  and 
in  aseptic  conditions,  could  enable  the  simultaneous 
moni  tori  ng  of  popul  ati  ons  of  cel  I  s  (e.g.,  a  retrovi  ral  I  i  brary) 
to  various  stimuli  such  as  drug  candidates,  hormones, 
toxins,  or  differentiation  cues.13  During  our  platform 
development,  we  made  several  observations  that  we  wish 
to  further  explore:  cells  appear  to  localize  on  the  elec¬ 
trode- di  el  ectrici  nterf ace,  d  i  fferen t  cel  I  u  I  a  r  sped  es  moved 
at  different  speeds  under  thesameappl  ied  potential,  and 
cellsmoved  in  both  lateral  and  vertical  directions  despite 
the  application  of  only  a  vertical  electricfield.Toexplore 
thesephenomena,  weestablished  a  theoretical  framework 
to  describe  cell  movement  in  our  system. 

Finite  Element  and  Theoretical  Model  of  the 
Electric  Field. Togain  insight  into  the  particle  motion 
and  final  distribution  that  we  experimentally  observed, 
we  employed  finite  element  modeling  of  the  electric  field 
distribution  within  thechamber,  colloidal  partidetheory 
to  predict  particle  velocity  in  the  resulting  field,  and 
experimental  measurements  of  the  zeta  potential  of  cells 
in  buffer  solutions. 

The  velocity  of  a  charged  particle  in  solution  under  the 
influence  of  an  applied  electric  field  can  be  described  by 
the  following  relationship  derived  from  colloid  theory: 


E  rV€  . 

•’e  =  4^Jo^^ 

where  E  is  the  vector  electric  field  strength,  e  is  the 
dielectric  constant  of  the  solution,  rj  is  thefluid  viscosity, 
and  rp  is  the  double-layer  potential  of  the  particle  in 
solution. 45  Under  certain  conditions,  this  can  besimplified 
in  the  following  form: 


Figure  4.  (A)  Cross-sectional  2-D  finite  element  model  of  a 
si  I  i  con  nitride  patter  n  ed  si  I  i  con/dei  on  i  zed  water/I  TO  system  at 
an  applied  bias  of  3  V;theelectrodeand  dielectric  size  is  20/<m. 
(B)  Lateral  electrode  field  profileacrosstheanodicsurface.  (C) 
Vertical  electricfield  profileacrosstheanodicsurface.  Arrows 
indicatethedi  recti  on  of  electrokineticforcein  (B)  and  (C).  This 
model  predi  cts  the  el  ectroki  neti  c  behavi  or  of  obj  ects  wi  th  i  n  the 
system  shown  in  Figure  3. 

Zeta  Potentials  of  Various  Cell  Types 


uEP  =  E(/c_1a)— E 
77 

where  uEp  i  s  the  el  ectrophoreti  c  vel  oci  ty  that  depends  on 
theE  field,  F  is  a  constant  (dependent  upon  the  Debye 
length  (k-1)  and  particle  radius  (a)),  and  £  is  the  zeta 
potential.  These  equations  describe  a  steady-state  condi¬ 
tion  whereelectrophoreticforcesarecounterbalanced  by 
fluidic  drag,  gravity  is  neglected,  objects  are  spherical, 
and  the  double-layer  potential  is  equivalent  to  the  zeta 
potential  (£)  of  the  particles  in  solution. 

To  predict  particle  velocity  in  our  chamber,  we  first 
simulated  the  electric  field  distribution.  FI  ere  we  present 
the  effect  of  a  20  .urn  electrode  array  on  the  electric  field 
distribution  insidethechamber  under  an  appl  ied  potential 
of  3  V.  A  vertical  cross  section  of  the  electric  field 
distribution  reveals  that  the  field  is  maximal  at  the 
dielectric-electrode  interface  in  both  vertical  and  lateral 
directions  (Figure4A-C).  A  particlethat  is  directly  above 
either thedielectricortheelectrode should  migrate,  under 
the  influence  of  a  vertical  and  lateral  electricfield,  toward 
the  electrode-dielectric  interface.  This  is  in  agreement 
with  our  experimental  results  that  demonstrate  a  pro¬ 
pensity  for  our  system  to  produce  patterns  of  objects 
al  igned  near  the  edges  of  the  electrode  surfaces. 


(45)  Sennett,  P.;  Olivier,  J  .  P.  Ind.  Eng.  Chem.  1965,  57(8),  32-50. 
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Cell  Type 

Figure  5.  Zeta  potentials  of  various  cell  types  in  KRB, 
measured  with  a  Laser  Zee  zeta  potential  meter.  Error  bars 
represent  standard  deviation. 

To  map  the  role  of  electric  field  distribution  to  cell 
velocity,  we  measured  the  zeta  potential  of  mammalian 
cellsin  physiological  buffers (Figure5).  Notethatall  zeta 
potentials  are  negative,  correlating  with  a  net  negative 
surface  charge,  presumably  due  to  the  glycocalyx.  The 
most  highly  negative  cells  wereprimary  rat  hepatocytes 
with  a  zeta  potential  of  approximately  -156.4  mV  as 
compared  to  murine  fibroblasts  such  as  S4  with  a  zeta 
potential  of  -136.9  mV.  Using  our  model  predictions, 
under  an  applied  potential  of  3  V  in  KRB,  in  theabsence 
of  gravitational  effects  and  assuming  similar  cell  diam- 
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eters,  S4  cells  would  move  at  a  steady-state  velocity  of 
approximately  0.19  //m/s  as  compared  to  a  hepatocyte 
velocity  of  approximately  0.22  //m/s.  This  difference  in 
vel  oci  ty  corresponds  to  105  s  for  S4  cel  I  s  to  travel  from  the 
dielectric  to  the  electrode  ( — 20  //m)  as  compared  to  90  s 
for  hepatocytes  under  similar  conditions.  These  results 
werequal  itati vely  confi  rmed  with  hepatocytes  patterni  ng 
more  rapidly  than  S4  cells. 

While  we  have  focused  primarily  on  electrophoretic 
forces  in  our  system,  other  physical  forces  may  play  a 
significant  role.  In  particular,  el ectroosmotic forces  that 
cause  fluid  movement  relative  to  a  surface  can  occur  due 
to  the  mobility  of  ions  in  solution.  El  ectroosmotic  forces 
arecommonly  utilized  in  capillary  electrophoretic  separa¬ 
tion,  wherethecapillary  wall  containsfixed  charges  that 
attract  mobile  ions  in  the  fluid  phase.  The  movement  of 
mobile  ions  under  an  applied  potential  is  manifested  as 
bulk  fluid  motion  that  acts  to  entrain  particles  to  be 
separated.46  Thus,  in  the  chamber  presented  here,  the 
patterned  anode  can  induce  el  ectroosmotic  flow  and 
partideentrainment  intheplaneoftheelectrodethereby 
contributing  to  theformation  of  a  particle  pattern  that  is 
congruent  with  the  electrode  pattern. 

To  compare  the  relative  role  of  electrophoretic  and 
el  ectroosmotic  forces  in  the  motion  of  particles  in  our 
system,  we  compared  the  maximum  theoretical  electro¬ 
phoretic  velocity  (which  occurs  in  the  vertical  direction) 
tothe  maxi  mum  theoreti  cal  el  ectroosmoti  c  vel  oci  ty  (wh  i  ch 
occurs  in  the  plane  of  the  patterned  anode)  in  the  lateral 
direction.  Our  results  indicate  that  a  20  /zm  polystyrene 
bead  would  move  maximally  at  1.6  //m/s  due  to  electro¬ 
phoretic  forces  alone  and  0.3  //m/s  due  to  el  ectroosmotic 
forces  alone.  These  predictions  neglect  gravity  and  were 
performed  for  20 //m  diameter  polystyrene  beads  with  a 
zeta  potential  of  -80  mV  in  Dl  water  using  a  20  /zrn 
diameter  circular  electrode  array  with  an  applied  bias  of 
3  V.  Our  results  therefore  indicate  that  in  theabsenceof 
gravity,  electrophoresis  is  responsible  for  the  majority  of 
the  movement  of  the  suspended  particles  through  the 
solution  though  electroosmosis  may  play  a  role  in  the 
plane  of  the  bottom  electrode.  A  similar  balance  of  forces 
between  electrophoretic  and  el  ectroosmotic  phenomena 
may  pi  ay  a  role  i  n  theelectrokinetic  assembly  of  colloidal 
crystals  into  "crystalline"  colloidal  arrays  mentioned 
previously.43 

To  compare  the  motion  of  different  cell  types  and  the 
final  distribution  of  patterned  cells,  we  have  focused  on 
the  effects  of  electrokinetic  phenomena:  electrophoresis 
and  electroosmosis.  Wecombi  ned  fi  niteel  ement  model  i  ng 
of  the  electric  field,  measurements  of  cellular  zeta 
potential,  and  colloid  theory  in  a  comparative  analysis  of 
bead  and  cell  movement  in  our  system.  These  simula¬ 
tions  made  it  possible  to  study  the  effects  of  the  solu¬ 
tion  properties,  2-D  electrode  configuration,  and  cell 
properties  such  as  concentration,  charge,  and  size  (data 
not  shown).  Nonetheless,  mammalian  cells  are  of 
10-20 //m  in  diameter  and  thus  are  significantly  larger 
than  colloidal  particles.  As  a  result,  gravitational  forces 
play  a  significant  rolein  the  sedimentation  of  cellstothe 
bottom  plane.  Currently,  we  are  incorporating  gravita¬ 
tional  effects  during  electronic  arraying  of  cells  into  our 
model . 

VCSEL-Driven  Optical  Tweezers  for  Manipula¬ 
tion  of  Cells.Todemonstratethefeasi  bi  I  ity  of  i  ntegrati  ng 
electronicarrayingtechniqueswith optical  manipulation 
byVCSEL-dri ven  opt i ca I  tweezers,  3T 3 mouse f i brobl asts 
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Figure 6.  Optical  manipulationofelectrophoretically arrayed 
mammalian  cells.  (A)  Dual-labeled  murine  fibroblasts.  (B) 
Manipulation  of  a  single  cell  (to  the  neighboring  electrode) 
via  VCSEL-driven  optical  tweezers.  (C-F)  Optical  manipu¬ 
lation  of  an  electrophoretically  arrayed  primary  rat  hepato¬ 
cyte,  showing  transport  of  the  cell  by  VCSEL-driven  optical 
tweezers totheneighboringelectrode.  Optical  manipulation  of 
preassembled  live  cel  Is  enables  selection  of  individual  cellsor 
groups  of  cells  for  capture  and  conventional  molecular  char¬ 
acterization. 

were  utilized.  Red-  and  green-labeled  fibroblasts  were 
prepared  separately  and  mixed  together  in  KRB  solution 
to  represent  a  prototypic  heterogeneous  cell  population. 
About  40  //L  of  this  solution  was  then  injected  into  the 
system.  The  transparency  of  the  agarose-patterned  ITO 
anode  allowed  for  real-time,  parallel  monitoring  of  live 
fluorescent  cells  with  an  inverted  microscope.  Cells  were 
electrically  arrayed  onto  a  50  x  50  /zm  electrode  array, 
the  field  was  turned  off,  and  a  single  red  cell  was  selected 
to  beoptical  ly  repositioned  with  theVCSE  L-dri  ven  optical 
tweezers  (F  igure6A,B).  I  n  addition  tofi  broblasts,  wealso 
demonstrated  the  optical  manipulation  of  primary  rat 
hepatocytes  within  our  system  (Figure  6E-H).  The 
velocity  of  hepatocyte  motion  was  I  i  mi  ted  to  2 //m/s  before 
"falling"  out  of  the  optical  trap. 

In  VCSEL-driven  optical  tweezers,  as  in  conventional 
opt  i  ca  I  tweezers,  the  momentu  m  transfer  associ  ated  with 
the  redi  recti  on  of  I  i  ght  at  the  obj  ect  i  nterface  i  s  transferred 
totheobject,  thus  generating  a  physical  forcethatcan  be 
used  to  trap  and  move  the  object. 30-35  Experimentally, 
the  trapping  force  of  a  given  laser  beam  can  be  measured 
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by  the  ability  to  "trap"  an  object  as  it  moves  through  an 
aqueous  solution  at  constant  velocity.  For  example,  we 
measured  the  ability  to  trap  a  polystyrene  sphere  sus¬ 
pended  in  deionized  water  by  measuring  the  maximum 
achievable  bead  velocity  and  using  Stokes'  drag  law:  F 
=  6mjrv,  whereF  is  the  drag/trapping  force,  isthefluid 
viscocity,  r  is  the  particle  radius,  and  v  is  the  maximum 
recorded  velocity.  Our  results  indicate  that  theVCSELs 
can  generate  a  force  strong  enough  to  move  and  manipu- 
latecellsuptolO/rm  in  diameter  (approxi mately  0.2  pN) 
at  a  power  of  3.52  mW.  To  minimize  biological  damage 
due  to  radiant  energy,  theVCSELs  used  in  our  experi¬ 
ments  wereoperated  at  a  near-infrared  wavelength  (850 
nm),  where  a  window  of  transparency  for  biological 
materials  arises.47 

In  summary,  wehaveexperi  mentally  and  theoretically 
explored  the  ability  of  miniature  lasers  to  interface  with 
el  ect ron  i  c  a r rays.  S  peci  f i  ca  1 1  y,  we  h ave  demon st rated  that 
individual  living  cells  can  be  selected  remotely  by  a  user 
and  mani  pulated  without  compromisi  ngchamber  steri  I  ity 
as  may  beintroduced  by  mechanical  micromanipulators. 
Despitetheir  miniaturesizeand  portability,  one  potential 
limitation  of  VCSEL-driven  optical  tweezers  is  the  rela¬ 
tively  low  output  power  compared  to  benchtop  lasers.  Our 
predictions  indicate  that  current  power  I  imitations  could 
limit  VCSEL-driven  optical  tweezerstousewith  cellsthat 
aresmaller  10/(minsize.  Larger  cel  Is  would  require  more 
force  to  overcome  the  increased  dragforce,  lower  velocity 
of  transfer,  or  lower  viscosity  solution  to  be  mani  pulated 
efficiently.  Currently,  we  are  investigating  the  ways  of 
i  mprovi  ng  power  output  from  each  VCSE  L  or  combi  ni  ng 
VCSEL  beams  toenabletheirusein  manipulation  of  larger 
cells.  Inthefuture,sincelargearrays(32  x  32)ofVCSELs 
are  now  commercially  available,  this  system  has  the 
potential  to  be  extended  to  the  parallel  manipulation  of 
many  cells  simultaneously. 


Conclusions 

We  present  an  electro-optical  platform  for  the  rapid 
parallel  arraying  and  subsequent  serial  manipulation  of 
living  mammalian  cells.  Key  features  of  the  platform  are 
the  ability  to  visualize  cells  on  standard  biological 
microscopes  (both  transmitted  I  ight  and  fl  uorescence)  and 
the  capability  to  remotely  manipulate  cells  of  interest 
without  compromising  chamber  sterility.  This  approach 
complements  the  existing  repertoire  of  both  passive  and 
active  techniques  for  cellular  arraying  on  surfaces.  In 
particular,  the  platform  presented  here  may  enable 
parallel  interrogation  of  cell  populations  for  cell-based 
assays  in  drug  development  and  functional  genomics.  I  n 
thefuture,  i  ncorporati  on  of  el  ectrophoreti  c  ar  rayi  ng  and/ 
or  VCSEL-driven  optical  tweezers  in  chip-based  biosys¬ 
tems  may  further  enhance  the  functionality  of  these 
devices.48-51 
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